Disruptive selection and bet-hedging in planktonic Foraminifera: shell morphology as predictor of extinctions by Manuel F. Weinkauf et al.
ORIGINAL RESEARCH ARTICLE
published: 14 October 2014
doi: 10.3389/fevo.2014.00064
Disruptive selection and bet-hedging in planktonic
Foraminifera: shell morphology as predictor of extinctions
Manuel F. G. Weinkauf1,2*, Tobias Moller1, Mirjam C. Koch1 and Michal Kucˇera2
1 Micropalaeontology, Department of Geosciences, Eberhard–Karls University, Tübingen, Germany
2 Center for Marine Environmental Sciences, Micropalaeontology-Palaeoceanography, University Bremen, Bremen, Germany
Edited by:
G. Lynn Wingard, U.S. Geological
Survey, USA
Reviewed by:
Pasquale Raia, Università di Napoli
Federico II, Italy
Teresa Vegas-Vilarrúbia, University
of Barcelona, Spain
*Correspondence:
Manuel F. G. Weinkauf, Center for
Marine Environmental Sciences,
University Bremen, Leobener Str.,
Bremen 28359, Germany
e-mail: mweinkauf@marum.de
Extinction is a remarkably difficult phenomenon to study under natural conditions. This is
because the outcome of stress exposure and associated fitness reduction is not known
until the extinction occurs and it remains unclear whether there is any phenotypic reaction
of the exposed population that can be used to predict its fate. Here we take advantage of
the fossil record, where the ecological outcome of stress exposure is known. Specifically,
we analyze shell morphology of planktonic Foraminifera in sediment samples from the
Mediterranean, during an interval preceding local extinctions. In two species representing
different plankton habitats, we observe shifts in trait state and decrease in variance in
association with non-terminal stress, indicating stabilizing selection. At terminal stress
levels, immediately before extinction, we observe increased growth asymmetry and trait
variance, indicating disruptive selection and bet-hedging. The pre-extinction populations
of both species show a combination of trait states and trait variance distinct from all
populations exposed to non-terminal levels of stress. This finding indicates that the
phenotypic history of a population may allow the detection of threshold levels of stress,
likely to lead to extinction. It is thus an alternative to population dynamics in studying and
monitoring natural population ecology.
Keywords: environmental stress, fluctuating asymmetry, growth symmetry, morphology, selection, planktonic
Foraminifera, Mediterranean
INTRODUCTION
Being able to predict impending local extinctions in recent ecosys-
tems could significantly enhance current techniques of biomoni-
toring. However, although recently large advances in the field of
population dynamics channeling into extinction prediction has
been made (Drake and Griffen, 2010) this application still suffers
from the naturally large variability in population sizes (Ludwig,
1999). Indicators other than population dynamics may be more
suitable as predictors for rising stress levels and local extinctions.
It has long been hypothesized that certain aspects of mor-
phology, such as the continuity of growth regularity (fluctuating
asymmetry, FA), are influenced by environmental stress (Furlow
et al., 1997; Leung et al., 2000). Environmental stress is in this
context defined as the degree of deviation of all environmental
factors (biotic and abiotic) from the optimum requirements of
a species. This hypothesis has been supported by studies where
developmental instability was shown to be correlated with fit-
ness (Lens et al., 2002; Hendrickx et al., 2003). In this context
a decrease in variability is commonly attributed to stabilizing
selection, often associated with reduced environmental variabil-
ity (Van Valen, 1965), though it can also occur under fluctuating
selection in an unstable, continuously changing environment
(Pélabon et al., 2010). Increasing variability, on the other hand,
is associated with disruptive selection (Bull, 1987), and can thus
be the long-term result of bet-hedging of specimens that pro-
duce offspring with a higher inter-individual variability, thus
increasing the mean fitness of the population (Slatkin, 1974;
Philippi and Seger, 1989; Grafen, 1999). Specifically, two dif-
ferent modes of bet-hedging can be distinguished (Einum and
Fleming, 2004): (1) conservative bet-hedging, where the popula-
tions shows a directional developmental trend toward a state that
would reduce fitness under optimal conditions but increases fit-
ness under the prevailing parameters (Einum and Fleming, 1999),
and (2) diversified bet-hedging where the population increases its
variance so that the chances of at least some individuals to survive
are maximized (Philippi and Seger, 1989).
Under natural conditions, it is difficult to assess at what stress
levels stabilization yields to disruption. This is partly because
it is difficult to identify suitable natural experiments, but most
importantly because it is difficult to predict the outcome of stress
exposure and thus stress severity on ecological time scales (Moritz
and Agudo, 2013). The latter constraint does not apply to the fos-
sil record, where the outcome of stress exposure can be directly
observed. Unfortunately, in many cases the fossil record does
not have the resolution and richness needed to assess morpho-
logical change acting on a spatially well constrained population.
Additionally, when working with fossil material the fossilization
potential of different biomaterials under varying depositional
conditions can bias the preservation of the fossil record that can
be used for such a study. In this respect, marine microplankton,
such as planktonic Foraminifera, offer the best model system.
Foraminifera possess intricate geometrical shells consisting of
sequentially accreted chambers, thus reflecting aspects of individ-
ual growth, despite their unicellular grade of organization. The
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calcite shells of planktonic Foraminifera are preserved in large
quantities in marine sediments deposited above the carbonate
compensation depth, leaving a highly representative record of
population changes through time (e.g., Kucˇera, 2007).
Studies of recent planktonic Foraminifera have shown abun-
dant evidence for changes in shell traits along environmental
gradients (Malmgren and Kennett, 1976), suggesting that individ-
ual growth characteristics in these organisms react to changes in
environmental parameters. The geometry of Foraminifera shells
is given by cytoskeleton assembly during the calcification of each
new chamber (Bé et al., 1979). Under extreme stress, e.g., poi-
soning by heavy metals, the ability of Foraminifera to constrain
the shape of their shells is limited, leading to aberrant mor-
phologies (e.g., Caron et al., 1987; Alve, 1991). These effects are
most likely associated with direct cytotoxicity, interfering with
cytoskeleton assembly. Although no experimental studies exist
that assess the influence of natural levels of stress on the geom-
etry of Foraminifera shells, it is likely that their growth regularity
may be affected. Inmulticellular organisms, it is known that expo-
sure to environmental stress can decrease the ability of chaperones
to facilitate the conformation of structurally relevant enzymes
(Debat et al., 2006). This effect can lead to morphological devi-
ations during the growth of an organism, and can thus serve as a
proxy for the occurrence of such stress during the lifetime of the
organism (Hendrickx et al., 2003; Beasley et al., 2013).
In this study we present a morphometric analysis of two
species of planktonic Foraminifera during the onset of the depo-
sition of Sapropel S5 in the Eastern Mediterranean Sea (Figure 1)
(Cane et al., 2002). The oxygenation of the deeper water col-
umn in this area is facilitated by thermal sinking of saline (39)
surface waters (Rohling et al., 2009). About 124 kyrs ago, a
FIGURE 1 | The position of core M51-3/SL104 in the Pliny Trench about
100 km east-south-east of Crete where the reaction of planktonic
Foraminifera to stress has been studied. Positions of other cores, where
the same local extinctions of the species investigated here have been
observed (Cane et al., 2002), are indicated by black dots.
strengthened monsoon over Africa significantly reduced the sur-
face water salinities in the EasternMediterranean due to a distinct
rise in freshwater inflow via the Nile (Williams et al., 1978).
This process left a distinct signature in the form of significantly
lighter stable oxygen isotope values of the upper water column.
The excess freshwater influx led to a reduction of surface water
salinity from ca 39 psu to ca 35 psu (Van Der Meer et al., 2007),
preventing deep water formation. The resulting stagnation of
the vertical circulation led to deep water anoxia and the deposi-
tion of organic rich sapropel layers (Rossignol-Strick et al., 1982;
Rohling, 1994). Because of common forcing by increasing sum-
mer insolation, contemporaneously to the onset of the sapropel
deposition, local sea surface temperature (SST) rose by approxi-
mately 3◦C (Marino et al., 2007). In response to these events, local
extinctions of several species of planktonic Foraminifera occurred
throughout the entire Eastern Mediterranean (Figure 1) (Cane
et al., 2002). It must be made clear that those local extinctions
do not belong to any kind of absolute extinction as described
by Delord (2007), but are rather regional disappearances of the
species within the Eastern Mediterranean. Many if not all of those
species reinvaded the EasternMediterranean at a later point when
environmental conditions switched back to a previous state, and
all those species still exist until the present day at least in other
regions of the world. Since those local extinctions appeared on a
regional scale, and are therefore not merely the result of migration
patterns, however, marine sediments with fossils of Foraminifera
from this period provide a direct record of a natural stress exper-
iment that took place over ecological time scales, which could
not be simulated during laboratory experiments. This advantage
comes at the price, however, that the natural experiment can only
be observed at limited time resolution and that the sampling is
affected by temporal averaging. In addition, our ability to iden-
tify the stressors responsible for the reaction of the ecosystem is
limited.
In an earlier study Weinkauf et al. (2013) have shown, that in
the same environmental setting, the terminal stress level (i.e., a
severity of stress that leads to local disappearance of the species)
did not influence the ability of the Foraminifera to calcify their
shells on a cellular level, but the events associated with the onset
of the sapropel deposition had an effect on the calcification inten-
sity of the Foraminifera. Since shell calcification in planktonic
Foraminifera is strictly controlled by the living cell (e.g., Bé et al.,
1979; Spero et al., 1991) this is likely to reflect the influence of a
physiological process associated with the environmental change,
rather than just a passive environmental effect. It is thus rea-
sonable to assume that the shell morphology might have been
influenced as well. Our hypothesis is, therefore, that morpho-
logical changes associated with different levels of stress occurring
around the onset of Sapropel S5 should be detectable in the fossil
record of planktonic Foraminifera. If this is the case, the state of
the populations recorded shortly prior to extinction should reflect
the phenotypic response of the exposed population to a terminal
level of stress, when compared to the unstressed replicates before.
MATERIALS AND METHODS
CHOICE OF SAMPLING INTERVAL AND SPECIES
The sampling interval and species (Orbulina universa and
Globorotalia scitula, Figure 2) for this study were chosen to cover a
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FIGURE 2 | Depiction of species used in this study. (A) Scanning
electron micrograph of a cracked open shell of Orbulina universa,
showing the delicate trochospiral juvenile shell preserved within the
spherical terminal chamber. (B) Measurement of the incremental growth
in Globorotalia scitula. Straight lines were drawn between consecutive
chamber sutures and their length was measured (L1–L15). The relative
change of length between individual line segments was used to calculate
the incremental growth IG (mean relative length change between
consecutive line segments) and an incremental growth variance IGV
(standard deviation of IG) per specimen. The coordinates of the sutures
and the spiral center (M) were used to describe the deviation of growth
from the logarithmic spiral.
wide ecological spectrum and to replicate the observations on the
impact of terminal stress leading to local extinction. By including
those species in our analysis over an interval that covers several
centuries before and after the onset of sapropel deposition we can
assess the impact of the presumed salinity shift in the upper water
column, as well as the impact of vertical stagnation on the lower
water column.
Orbulina universa is a shallow-dwelling, symbiont-bearing
species with dwelling depths of 20–100m (Pujol and Vergnaud
Grazzini, 1995; Rohling et al., 2004). The species survived the
onset of Sapropel S5, but shows two local extinctions within
the sapropel (Figure 3) (Cane et al., 2002). Orbulina universa is
known to be associated with cryptic speciation encompassing at
least three distinct genetic types (De Vargas et al., 1999). Although
only one genetic type was found in the Mediterranean so far
(De Vargas et al., 1999), we cannot exclude the possibility, that
cryptic speciation influenced the results obtained in our analy-
sis. If this would be relevant for our analysis, however, we should
observe a bi- or multimodal distribution of measurement val-
ues, with changing mode amplitudes indicating that any observed
change in the mean value of morphometric data is the result
of changing dominances of sub-populations within the commu-
nity. A unimodal distribution, on the other hand, indicates a (at
least morphologically) homogeneous community that shows a
consolidated reaction regardless of their potential cryptic diver-
sity. Consequently, we used Hartigan’s dip test (Hartigan and
Hartigan, 1985) to test the morphometric data for unimodality.
Globorotalia scitula is a deeper dwelling species without sym-
bionts, which shows a local extinction contemporaneous with
sapropel onset (Figure 3). It was found to be most abundant
between 200 and 500mwater depth in the Azores region (Schiebel
et al., 2002), which is in good agreement with its reconstructed
depth habitat during the deposition of Sapropel S5 (Rohling et al.,
2004). The genetic diversity of G. scitula has not yet been assessed
in detail.
The sampling interval covers the onset of Mediterranean
Sapropel S5 at around 126.4 ka, which is visible by both the sed-
iment becoming considerably darker in color and a drop of the
δ18O values of shells of Globigerinoides ruber (white) from 0.5
to −1.4 . Specimens of G. scitula became locally extinct with
the onset of the sapropel, and specimens of that species therefore
only cover pre-sapropel conditions in our study, covering a time-
span of nearly 1800 years.Orbulina universa survived the sapropel
onset to become locally extinct later, and thus covers the same
time period as G. scitula before sapropel onset and an additional
2000 years within the sapropel.
SAMPLE PROCESSING
The samples were taken from a portion of gravity core
M51-3/SL104, taken in the Pliny Trench east-south-east of Crete
in the Eastern Mediterranean (Figure 1) (Hemleben et al., 2003),
covering the onset of Sapropel S5 (Moller et al., 2012). The sed-
iment was deposited ca. 126–121 kyrs ago, and an age model
was fitted using a combination of event-stratigraphy (Cane et al.,
2002) and layer counting in the laminated part of the sapropel
(Moller, 2012). The sampling was performed with a spatial res-
olution of 3mm, which corresponds to a temporal resolution of
60–70 yrs in the majority of the section, and about 11 yrs in the
topmost 6 cm of the studied interval, covering only the second
local extinction of O. universa. The samples were washed using
tap water and dry sieved, only the fraction > 150µm was used
for subsequent analyses.
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FIGURE 3 | Accumulation rates of shells of the two species of
planktonic Foraminifera in core M51-3/SL104 investigated in this
study. The δ18O values of shells of Globigerinoides ruber (white) from
the same core serve as a geochemical marker for freshwater injection
marking the onset of the sapropel. Local extinctions occurring in the
entire Eastern Mediterranean (Cane et al., 2002) are marked with arrows.
The gray-shaded area indicates the extent of Sapropel S5, a
core-photograph is provided for visualization.
Foraminifera were picked from representative aliquots of
the washed residue, split with a binary microsplitter if nec-
essary. Orbulina universa was picked from 455.5–434.8 cm (70
samples) and yielded 2025 specimens. Of G. scitula 1290
specimens were sampled, ranging from 455.5–447.1 cm (29
samples). The abundance of each species in the analyzed
aliquots was determined on the basis of faunal count data
assessed from 12.5–100% of the sample volume. Absolute
abundances were converted to accumulation rates per square
meter per year, using the inferred age model and the cross-
sectional area of the samples, assuming constant sample
thickness.
MORPHOMETRIC DATA ACQUISITION
All specimens were oriented in standard taxonomic view,
mounted on glass slides using double sided adhesive tape, and
photographed under constant magnification with a Leica Z16
stereomicroscope and the Image-Pro® Plus software. All spec-
imens were photographed using transmitted light, specimens
of G. scitula from selected samples were additionally pho-
tographed under reflected light to enable analysis of growth
patterns.
Orbulina universa is characterized by a trochospiral juvenile
shell, that in the terminal life stage is completely overgrown by
a spherical terminal chamber, so that adult specimens (which
were used in our study exclusively) normally resemble spheres
(Figure 2). Abnormal morphotypes are known to exist and
believed to occur under stress conditions (Caron et al., 1987).
Those include “Orbulina suturalis,” in which part of the juvenile
shell is not covered by the terminal chamber, and “Biorbulina
bilobata,” in which the adult shell is composed of two joint
hemispheres (Figure 4). In O. universa the mean diameter and
roundness (expressed as ratio between longest and shortest axis)
of the shell, and the incidence of the abnormal morphotypes were
determined.
Globorotalia scitula grows a flat, trochospiral shell (Figure 2).
In this species the cross-sectional shell area, incidence of antisym-
metry (left-coiling), and Kummerforms (specimens in which the
last chamber is smaller than the penultimate chamber, Figure 4)
were determined.
Using reflected light images, the incremental growth of G. sci-
tula in selected samples was analyzed by drawing n straight
line segments of length li between consecutive chamber sutures
along the shell outline (Figure 2). The relative length relationship
between consecutive lines per specimen was then used to calculate
the incremental growth IG (mean relative growth, Equation 1)
and incremental growth variance IGV (intra-individual standard
deviation of relative growth, Equation 2) for each specimen. Only
specimens in which at least five consecutive line segments could
be measured were used for the analysis. The spiral formed by
the x–y-coordinates of sutures (normalized for a standard spiral-
diameter of one) was used to estimate the deviation of the shell
from the logarithmic spiral. The R2 value of a ranged major axis
regression line (Legendre and Legendre, 2012) through the loga-
rithmically plotted points (log-R2) provided an objective measure
of that deviation.
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FIGURE 4 | Depiction of abnormal morphotypes. (A,B) Specimens of
“Biorbulina bilobata,” an abnormal morphotype of Orbulina universa where
the adult shell consists of two hemispheres that are joined in the middle, in
light microscopic (A) and scanning electron microscopic (B) view.
(C,D) Specimens of “Orbulina suturalis,” an abnormal morphotype of
Orbulina universa where the juvenile trochospiral shell (compare Figure 2) is
not completely enclosed by the adult spherical shell, in light microscopic
(C) and scanning electron microscopic (D) view. The protruding juvenile spiral
has been marked by arrows in the light microscopy image. (E,F) Light
microscopy images of Kummerforms of Globorotalia scitula, where the last
chamber is smaller than the penultimate chamber. While the specimen in
(F) shows a regular growth pattern (low IGV ) the specimen in (E) shows an
increased IGV visible by the large variation in the size of individual chambers.
Scale bars are 200µm in length.
IG =
∑n
i= 2 li/li− 1
n − 1 (1)
IGV =
√√√√
n∑
i= 1
(li/li− 1 − IG)2
n − 2 (2)
The chosen parameters allow us to assess the influence of envi-
ronmental stress on the morphology of those two foraminifer
species on several levels: (a) body size appears to reflect envi-
ronmental stress in planktonic Foraminifera, because it is known
to decrease away from the thermal optimum of each species
(Schmidt et al., 2004). (b) The incidence of abnormal mor-
photypes (including antisymmetry) is likely to increase under
stress indicating disruption of morphogenesis. (c) The round-
ness in O. universa and IG, IGV, and log-R2 in G. scitula are
an imprint of the FA in those organisms, which is a proxy for
environmental stress in multicellular organisms (Leung et al.,
2000).
DATA ANALYSIS
Statistical analyses of the results were performed in R v.
3.0.1 (R Development Core Team, 2013). Confidence inter-
vals of morphological parameters were calculated by boot-
strapping using the package “boot” v. 1.3-9 (Davison and
Hinkley, 1997), with bootstrapping method choice based on
skewness evaluation following Dixon (2002). Skewness (SK)
was calculated according to recommendations in Tabor (2010)
(equation I, table 1), its standard deviation SDK for n data val-
ues was approximated as SDK = 2 × (6/n) 12 (Tabachnick and
Fidell, 1996). The skewness of the data was considered sig-
nificant when SK > SKD. When the skewness was significant,
the basic bootstrap, otherwise the accelerated bootstrap, was
used.
For all relative abundances, 95% confidence intervals for
multinomial proportions were calculated (Heslop et al., 2011).
The normality of data distribution was tested using a Shapiro–
Wilk test (Shapiro and Wilk, 1965) wherever necessary to decide
between the applicability of parametric or non-parametric tests.
Comparisons between the morphological characteristics between
two groups (i.e., specimens before and after sapropel onset) were
performed by a Mann–Whitney U test (Mann and Whitney,
1947).
Morphological growth parameters in G. scitula where tested
for deviations per sample using Grubb’s test for outliers (Grubbs,
1969). To test for the development of increasing (disruptive
selection) or decreasing (stabilizing selection) morphological
plasticity as result of the environmental stress, we calculated
the standard deviation including its 95% confidence interval
(Sheskin, 2011) for each of the morphological parameters in each
sampling level.
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RESULTS
In both species investigated local disappearances could be
observed as expected. Orbulina universa shows two such disap-
pearances, both within the sapropel, while G. scitula disappeared
immediately before sapropel onset (Figure 3). In both cases there
were no signs of dissolution visible on the foraminiferal shells,
with even specimens of fragile, thin-walled species being in a
pristine state with transparent shell walls. We further note the
occurrence of pteropods throughout the whole sampling interval,
which are very susceptible against dissolution due to the arago-
nitic nature of their shells, and have therefore no reason to assume
that the disappearances we observe are the result of diagenetic
processes instead of local extinctions.
In O. universa, mean shell size showed no obvious difference
between pre- and post-sapropel populations (p = 0.459) or at
local extinctions (Figure 5), but the distribution of individual
FIGURE 5 | Morphological analyses of shells of Orbulina universa from
core M51-3/SL104. Shell roundness is the ratio between long and short axis
of the shell, a value of 1.0 representing a perfect sphere. The incidence of
abnormal morphotypes combines counts of specimens of the two
ecophenotypes “Biorbulina bilobata” and “Orbulina suturalis,” the arrows
mark the local extinctions of the species. (A) Stratigraphic plots depicting the
raw values for shell roundness and diameter (gray diamonds), the arithmetic
mean values (thick black line), and the 95% confidence intervals of the mean
(hatched area). The horizontal dashed line marks the onset of Sapropel S5.
Note the increasing abundance of abnormal morphotypes before both local
extinctions. (B) Distribution of values before and within the sapropel. The
boxes show the median (thick black line), interquartile range (box), and 1.5 ×
interquartile range (whiskers); black diamonds mark outliers. Box widths are
proportional to the number of within-groups observations. Note the
difference in mean shell roundness and average incidence of abnormal
morphotypes, but not in mean shell diameter within the sapropel.
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values indicates a significant decrease in variance (p < 0.001)
with the onset of the sapropel (Figure 5B, Supplementary Figure
3A). The mean roundness of the terminal chamber changes with
sapropel onset (Figure 5, Supplementary Figure 3A). The dif-
ference between pre- and post-sapropel conditions is significant
at p < 0.001 but it is not associated with a change in variance
(p = 0.501).
Within the sapropel, the abundance of abnormal morpho-
types of O. universa is generally increased in comparison to
pre-sapropel conditions (p = 0.015, two-proportions z-test).
Furthermore, the incidence of abnormal morphotypes appears to
be highest in samples immediately preceding both local extinc-
tions. Although the associated confidence intervals of the rel-
ative abundances of “O. suturalis” and “B. bilobata” are large
(Figure 5A), indicating the possibility of a spurious effect, a ran-
domization test, in which randomly selected three-sample groups
were compared to each of the three-sample groups before both
local extinctions, indicate a significance of the increased inci-
dence of abnormal morphotypes for the second local extinction
(p = 0.011), but not for the first one (p = 0.277).
Globorotalia scitula showed no reaction in shell size toward
its local extinction. The species also showed no significant reac-
tion in the incidence of left-coiled specimens (p = 0.138 for the
last two samples before local extinction) or Kummerforms at that
time (Figure 6A).
Conversely, the values of IG and IGV were increasing
when the species approached its local extinction (Figure 6B).
Hypothetically it could be assumed, that from some point when
FIGURE 6 | Morphological analyses of shells of Globorotalia scitula from
core M51-3/SL104. Kummerforms are specimens in which the last chamber
is smaller than the penultimate chamber. The horizontal dashed lines mark
the onset Sapropel S5, the arrows mark the local extinction of the species.
(A) Arithmetic mean values (thick black line) and 95% confidence intervals of
the mean (hatched area), and in the case of shell size the raw values as gray
diamonds. (B) Raw values (gray diamonds) and mean (solid black line) with
95% confidence interval (dashed black lines) of the incremental growth (IG)
and its standard deviation (IGV ) and the deviation of growth from the
logarithmic spiral. Both IG and IGV rise significantly when G. scitula
approaches its local extinction, whereas the consistency of the logarithmic
growth remains the same (compare Supplementary Table 1).
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the species approaches its local extinction, a deviation in the
growth pattern could be observable, when compared to the back-
ground value that prevailed before. To that end, we applied
Grubb’s test for outliers to check if such a pattern can be recog-
nized in our samples. One-tailed p-values for this analysis show
that a significant change in IG (p = 0.002) and IGV (p = 0.024)
only occurs in the very last sample where the species was found,
i.e., about 60 years prior to its local extinction (Supplementary
Table 1). Disregarding those outliers the rest of the data is
normally distributed (pIG = 0.781, pIGV = 0.518), so that the
assumptions to apply Grubb’s test are not violated. Furthermore,
while the whole community shows a consistent increase in IG,
the population-wide variance of IGV is also increasing when the
species approaches local extinction (Figure 6B, Supplementary
Figure 3B). The growth symmetry, measured by the deviation of
the growth spiral from an ideal logarithmic spiral, shows in con-
trast no reaction when the species approached its local extinction
(p = 0.487, Figure 6B, Supplementary Table 1, data are normally
distributed at pR2 = 0.678).
DISCUSSION
RELIABILITY AND NATURE OF OBSERVED MORPHOLOGICAL PATTERNS
Although not all of the observed morphological variance within
Foraminifera can be explained by genetic diversity (André et al.,
2013; Mary and Knappertsbusch, 2013) a high genetic variability
within Foraminifera was revealed (De Vargas et al., 1999; Aurahs
et al., 2011), so that changing morphologies could theoretically
be the result of changing dominances of different genotypes.
Although until now only one genetic type of O. universa is
known to occur in the Mediterranean (De Vargas et al., 1999),
the trait shifts observed in that species could be the result of
a non-constant mixing of different genetic types with different
morphologies. However, since we did not find any coherent sig-
nal of non-unimodality in the size and roundness measurements
(Supplementary Table 2, Supplementary Figures 1, 2), we assume
that the analyzed specimens derive from one homogenous com-
munity, within which the traits changed with sapropel onset.
The results we obtained during our analyses are thus robust with
regard to potential genotypic variation and speciation.
We interpret the reduced shell roundness with constant inter-
individual variance in O. universa (Figures 5B, 7A) as a sig-
nal of a permanently increased FA in its population during
sapropel times. Conversely, the constant shell size with signifi-
cantly reduced inter-individual variance during sapropel times
(Figures 5B, 7A) indicates stabilizing selection on that trait.
The increased incidence of abnormal morphotypes immediately
before local extinction (Figures 5, 7A) is distinct from both pat-
terns and is more likely a reflection of excessive conservative
bet-hedging.
The increase in mean values of incremental growth and
its variance shortly before the local extinction of G. scit-
ula (Figures 6B, 7B) signifies an increase in FA. While the
inter-individual variance of IG was unaffected by the observed
local extinction, the inter-individual variance of IGV was dras-
tically increased in the last sample before local extinction
(Figures 6B, 7B, Supplementary Figure 3B), indicating diversi-
fied bet-hedging. These observations imply that specimens of
G. scitula began to grow faster (i.e., adding larger chambers)
shortly before local extinction whilst at the same time the intra-
individual continuity of chamber size was significantly decreased.
Moreover, while the increase in IG affected the whole community
alike, the IGV showed a high inter-individual variance at the same
time, implying that the observed reaction affected only part of the
investigated community.
STABILIZING AND DISRUPTIVE SELECTION AND BET-HEDGING IN
PLANKTONIC FORAMINIFERA
Stabilizing selection on shell size
Haenel (1987) interpreted the size of shells of O. universa as an
indicator of water salinity, arguing that the larger size counteracts
buoyancy when the water becomes less dense due to a reduc-
tion in salinity. An alternative hypothesis correlates the size of
the terminal chamber inO. universa with food availability (Spero,
1988), arguing that the energy needed to generate a larger termi-
nal chamber can only be compensated by larger energy reserves
within the cell. Under those assumptions, larger shells should
have been observed within the sapropel, since sea water salin-
ity was reduced (Van Der Meer et al., 2007) and the primary
productivity was higher (Struck et al., 2001) during sapropel
conditions.
Rather than such predicted changes in the mean shell size of
the population, we observe a significant decrease in shell-size
variability in O. universa after the onset of the sapropel depo-
sition. We hypothesize, that the higher variability in shell size
in O. universa before sapropel onset reflects disruptive selection,
where a higher variability of the community is necessitated to
sustain under sub-optimal conditions. The lack of a bimodal
size-distribution at that time is here interpreted as a sign of a
moderate disruption, and is also what one would expect with dis-
ruptive selection under random mating models that can arguably
be assumed for Foraminifera (compare Doebeli, 1996). During
sapropel conditions, on the other hand, the environmental niche
of the species was narrowed, with more open-marine condi-
tions (normal marine salinity) and high nutrition values of the
sea water (Struck et al., 2001) that could better sustain a pop-
ulation with lower phenotypic plasticity due to higher resource
availability for an abundant mean phenotype (Rueffler et al.,
2006).
The local extinctions, however, did not leave any discernible
imprint in the size distribution of either of the two species, ren-
dering this trait useless for extinction prediction. Furthermore,
this is evidence against the hypothesis, that larger shell sizes are
correlated with favorable environmental conditions (Ortiz et al.,
1995; Schmidt et al., 2004), because then we would expect to find
smaller specimens at times of enhanced stress levels, such as prior
to local extinctions.
Fluctuating asymmetry as a proxy for stress
The roundness of the terminal chamber in O. universa shows
a significant reduction after sapropel onset, contemporaneously
with a reduction in shell calcification which was hypothesized
to reflect the influence of the reduced surface water salinity and
resulting change in the CO2−3 equilibrium of the sea water after
the onset of the sapropel (Weinkauf et al., 2013).
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FIGURE 7 | Morphological trends in foraminiferal shells during extinction
periods. (A) Evolution of size and roundness and incidence of abnormal
morphotypes in Orbulina universa across the onset of the Sapropel S5
deposition in core M51-3/SL104. The shell diameter shows no change with
sapropel onset, but size variability is reduced within the sapropel. In contrast,
shells within the sapropel are on average significantly less round than for the
majority of the time before sapropel onset. The incidence of abnormal
morphotypes is generally higher within the sapropel than before, with peak
abundances before local extinctions. (B) In Globorotalia scitula a change in
the spiral growth pattern can be observed immediately prior to local
extinction. While the mean value of incremental growth increases (indicating
the building of larger chambers), its variance remains the same on the
population level. However, the incremental growth variance within an
individual becomes both larger and more variable on the population level.
Considering the fact that mean shell roundness is constantly
low over long time intervals, but without exhibiting any devi-
ation when the species approaches local extinction (Figure 5A),
the reduction in roundness seems to have been induced by envi-
ronmental parameters which are not themselves unfavorable for
that species. It has been suggested that the shell roundness of
O. universa decreases under conditions of high nutrient availabil-
ity (Robbins, 1988; Spero, 1988), which can be assumed during
sapropel deposition (Struck et al., 2001). The same factors were
also argued to be responsible for higher incidences of abnormal
morphotypes in O. universa (Robbins, 1988), what we can partly
confirm on the basis of our results. However, besides a generally
higher incidence of abnormal morphotypes within the sapropel
we also found peak abundances of those types shortly before local
extinctions, indicating that they can also be the result of increased
environmental stress as suggested by Caron et al. (1987). A general
increase of the abundance of phentotypes that are more rare
under optimal conditions can be interpreted in the lines of con-
servative bet-hedging, that has been shown to generally increase
themean fitness of a population in variable environments (Einum
and Fleming, 2004). Thus we suggest here that abnormal mor-
photypes in O. universa are an adaptive response of that species
toward less suitable or more variable environmental conditions.
This explains both the general higher incidence of abnormal
morphotypes within the early sapropel stages investigated here,
during which the severe overturn in water mass circulation likely
led to increased environmental variability before the system re-
stabilized, as well as the peak abundances shortly before local
extinctions, when some environmental factors must have been
especially unfavorable for O. universa.
The deviation of the spiral growth pattern in G. scitula toward
the terminal environmental stress is more difficult to explain. On
the one hand, we were able to observe changes in the chamber-by-
chamber growth pattern. Under the assumption that the chamber
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size is proportional to the degree of cytoplasm growth, faster pro-
portional chamber growth indicates that more cytoplasm was
produced between the formation of two successive chambers.
This could on the one hand be the result of disturbances in the
timing of chamber formation, building new chambers less often,
so that more cytoplasm has been produced since. This explana-
tion would probably indicate a lack of nutrients, where the timing
of chamber formation participates in a trade-off with cellular
energy resources. On the other hand, chamber formation could
occur on strictly regular time intervals, in which case larger cham-
bers would indicate larger cytoplasm growth per time as result of
higher nutrient availability.
At the same time, however, we observe a decrease in the
intra-individual evenness of chamber growth, indicating either
a reduction in the ability of the cell to control the exact size
of the chamber produced, or a more irregular time-pattern of
chamber formation. Conversely, the ability of the cell to main-
tain its logarithmic spiral growth pattern is retained. Interestingly,
the observed increase in IGV is itself subject to an increased
inter-individual variability when the species approaches local
extinction. This observation can be interpreted in at least two
ways. (1) It is possible that the elevated level of environmental
stress had not affected the entire interval of 60–70 yrs expected
to be represented by the last sample before local extinction, and
thus only the historically younger part of the community shows
the described effect. We could not find a significant deviation
from unimodality in the IGV data of G. scitula from the last sam-
ple before extinction (p = 0.877), principally arguing against that
hypothesis. (2) The increase in IGV variability in G. scitula could
also be interpreted as bet-hedging under high-stress environmen-
tal conditions. In this case, we would expect higher variability
of IGV on the community level as a result of higher phenotypic
plasticity. This phenomenon would represent a case of diversified
bet-hedging (Einum and Fleming, 2004), where the overall vari-
ability of the population is increased in order to allow the survival
of at least some offspring. Einum and Fleming (2004) suggested
that diversified bet-hedging can only be of advantage for the pop-
ulation if the environment is very unstable, and the population
is practically at the brink of extinction. Interestingly enough, the
local extinction in G. scitula occurs contemporaneously with the
onset of Sapropel S5, which led to heavy changes in the Eastern
Mediterranean vertical circulation system. Accordingly, since a
marine water-mass circulation cannot be changed spontaneously,
it is reasonable to assume that such heavily variable environments
prevailed at that time, especially at greater depths where G. scit-
ula dwells, that are dependent on the supply by surface waters to
remain environmentally stable. Such an interpretation could also
explain why O. universa as a surface dweller (where the environ-
mental change mainly consisted of a gradual change in salinity)
showed conservative bet-hedging with sapropel onset, and why
G. scitula was able to reinvade the Eastern Mediterranean after
the sapropel conditions had been established (Figure 3) and the
deeper water column was also stable again.
In conclusion, we suggest that there are two types of FA
realized in Foraminifera. Such a distinction seems to be nec-
essary to accommodate our results, and is reasonable due to
the fact that the concept of FA was originally developed for
bilateral multicellular organisms and is not applicable to pro-
tists in this narrow form. FA s.lat. represents the overall shape of
the foraminifer shell, such as the roundness of O. universa shells
or the logarithmic spiral of shells of G. scitula. This type of FA
is robust against environmental stress (although it seems to be
influenced by other environmental parameters) and is thus not
suitable as proxy for local extinctions.
FA s.str. is here defined as the ability of a foraminifer to con-
strain the chamber by chamber growth pattern of its shell, and
includes the incidence of abnormal morphotypes in O. universa
and IG and IGV in G. scitula. Many of the abnormal specimens
of benthic Foraminifera described as the result of water pollu-
tion seem to be more extreme forms of this FA s.str. (Alve, 1991;
Burone et al., 2006). This form of FA thus seems to be the result
of bet-hedging occurring under high stress conditions, provid-
ing a versatile tool to predict extinctions (Leung et al., 2000;
Sánchez-Chardi et al., 2013).
PREDICTABILITY OF EXTINCTION FROM PHENOTYPE HISTORY
We could observe both long-term and short-term reactions in
shell morphology of planktonic Foraminifera and can thus ver-
ify our initial hypothesis. Long-term changes in trait state result
in constant trait-states over thousands of years and are associated
with prevailing environmental shifts inducing certain morpho-
types, and can under circumstances lead to stabilizing selection,
reducing the variance in shell morphology within the population.
We can interpret this as a signal for stable, possibly favorable envi-
ronmental conditions, under circumstances with reduced stress
levels. Short-term changes occur relatively abrupt and prevail for
only decades or few centuries, and are the result of environmental
stress reactions of the population toward a relatively sudden envi-
ronmental shift, often associated with unstable environments.
Disruptive selection, on the other hand, leads to an increase
in variance within the community, and can be observed on both
short-term and long-term scales in planktonic Foraminifera. We
hypothesize that disruptive selection is the imprint of a stress
reaction toward unfavorable environments. The observed disrup-
tion can be interpreted as the possible result of bet-hedging, a
process that increases the mean fitness of the population (Philippi
and Seger, 1989). Our analysis shows, that bet-hedging can some-
times not prevent extinction, but can otherwise lead to a mea-
surable increase in variance of the population over considerable
time intervals. While bet-hedging as a phenomenon prevails in
unicellular organisms (Veening et al., 2008) and has been hypoth-
esized to be one of the most fundamental survival strategies
(Beaumont et al., 2009), it has not been shown to occur in plank-
tonic Foraminifera yet, and has thus never been considered as an
environmental proxy so far.
We thus contribute to other studies by showing that many of
the selective patterns observed in phylogenetically more advanced
organisms occur in protists. Some of these mechanisms (bet-
hedging) leave a discernable imprint of a unique population trait
composition (FA s.str.) that can be used to predict local extinc-
tions. While the overall architecture of the shells is very robust
against environmental perturbations, the incremental growth
pattern of foraminiferal shells (representing FA s.str.) can be a
valuable proxy for environmental stress levels, given that the stress
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levels were raised over decades (100s of generations) so that the
proportion of affected individuals in the sample is large enough
to be detected.
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